The densities of perfused and existing capil laries were measured in different cortical regions of rat brains after subtemporal occlusion of the middle cerebral artery (MCA). Capillary perfusion patterns (perfused cap illaries versus nonperfused capillaries) were verified im mediately after MCA occlusion in one group of rats and I h later in a second group using fluorescent double staining of capillary morphology and plasma perfusion in identical brain sections. In addition, local cerebral blood flow (CBF) was measured in another group of rats I h after MCA occlusion using the autoradiographic iodo-[14C] antipyrine method. Although cortical CBF was decreased by up to 75% 1 h after MCA occlusion, plasma perfusion Abbreviations used: FlTC, fluorescein isothiocyanate; MCA, middle cerebral artery; PBS. phosphate-buffered saline.
Our previous finding of complete perfusion of all capillaries in the brains of normal awake rats (Gobel et a!., 1990; Theilen and Kuschinsky, 1992) raised the question of whether nonperfused capillaries can be found in the brain under pathophysiological con ditions. Cerebral ischemia is a pathophysiological state in which nonperfused capillaries might occur.
In a previous study (Theilen et a!., 1993) , the model of forebrain ischemia was investigated. In this model of ischemia, capillary perfusion was com pletely maintained in the ischemic forebrain struc tures. Another widely used model of cerebral isch emia is the occlusion of middle cerebral artery (MCA). This model is considered to resemble more closely the clinical conditions of stroke since its ischemia is focal. Whereas it is well-known that MCA occlusion results in a marked decrease of ce-was not completely stopped in most capillaries (circula tion time of Evans blue, 10 s). Only small patchy perfu sion deficits «0.1 mm2 of brain section) were detected in the capillaries immediately and 1 h after MCA occlusion in all brains except for one that exhibited a more exten sive lack of capillary perfusion. The data show that a drastic reduction of cortical CBF after MCA occlusion is not accompanied by a corresponding amount of nonper fused capillaries. Key words: Middle cerebral artery oc clusion-Capillary perfusion-Fluorescent double stain ing-Cerebral ischemia-Plasma flow-N onperfused capillaries.
1055 rebral blood flow (CBF) in infarcted areas, as re viewed by Ginsberg and Busto (1989) , it appears to be an open question whether nonperfused capillar ies appear under these conditions. A partial failure of capillary perfusion during MCA occlusion has been postulated by several groups (Buchweitz Milton and Weiss, 1988; Anwar and Weiss, 1989; Theodore et a!., 1990) . However, the methods used by these authors for staining perfused capillaries can be criticized because of their low ability to de tect capillary perfusion (see discussion). Therefore, we tested the existence of nonperfused capillaries in the rat brain during MCA occlusion by using the highly sensitive technique of fluorescent double staining of perfused and existing capillaries (Gobel et a!., 1990) . Since a previous study has shown that all capillaries in the brain are fill ed with the fluores cent marker Evans blue within 5 s of i. v. injection in anesthetized rats (Theilen et aI., 1993), a circulation time of lOs was considered to be sufficient to define capillaries as being perfused in the present study.
METHODS

Experimental preparation
The experiments were performed in 18 male anes thetized Sprague-Dawley rats weighing between 280 and 400 g. The animals were anesthetized by a gas mixture of halothane (1-1.5%), N 2 0 (70-80%),
and O 2 (remainder). Body temperature was main tained at 36.8-37SC by a temperature-controlled heating pad.
Surgical procedure
After tracheotomy, the right femoral artery and vein were cannulated for the infusion of the intravascular dye, the sampling of arterial blood, and the continuous moni toring of arterial blood pressure. The rats were allowed to breathe spontaneously throughout the whole experiment. The left MCA was exposed surgically by a modified pro cedure of the method described by Tamura et al. (198Ia, 198Ib) . Briefly, a 2-cm vertical incision was made over the temporalis muscle, then the muscle was split and the insertion to the mandible was divided to reach the in fratemporal fossa to expose the base of the skull from the foramen ovale to the foramen opticum. Preserving the zygoma, a small subtemporal craniectomy was performed using a dental drill 2-3 mm rostral to the foramen ovale to expose the proximal part of the MCA, which was under the dura. Using a 24-gauge needle, the dura was opened. Then the MCA was irreversibly occluded by electroco agulation for a distance of 3 mm starting proximally at the medial margin of the olfactory tract. A temperature-con trolled coagulator (Bipolator T 50, F. L. Fischer, Freiburg, Germany) was used. To verify the successful occlusion of the MCA, a part of the occluded artery was resected.
Measurement of the local CBF
Local CBF was measured according to the method of Sakurada et al. (1978) . Fifty microcuries of 4-iodo-N methyl-[14C]antipyrine (specific activity, 54 mCiJmmol; Amersham) in I ml of saline were continuously infused at a progressively increasing infusion rate for a period of I min starting 1 h after occlusion of the MCA in six rats. The progressively increasing infusion rate was chosen as a modification of the method of Sakurada et al. (1978) to minimize equilibration of rapidly perfused tissues with arterial blood during the period of measurement. During the I-min infusion period, 14-20 timed blood samples were collected in drops from a free-flowing arterial cath eter directly onto filter paper disks (l.3-cm diameter) that had previously been placed in small plastic beakers and weighed. The samples were weighed and the radioactivity estimated with a liquid scintillation counter (Packard Tri Carb 4000 series) after extraction of the radioactive com pound with ethanol. After the I-min infusion and sam pling period, the animal was decapitated, and the brain was removed as quickly as possible and frozen in 2methylbutane chilled to -40°C. The frozen brains were coated with embedding medium and stored in plastic bags at -700, sectioned into 20-lLm slices at -21°C in a cryo stat, and autoradiographed along with precalibrated [14C]methylmetacrylate standards. Local tissue concen trations of 14C were determined from the autoradiographs by densitometric analysis with a densitometer equipped with a 0.2-mm aperture (Parry DT1105R, Newbury, En gland). Local rates of CBF were calculated from the local concentrations of 14C and the time course of the blood iodo-[14C]antipyrine concentrations, including correc tions for the lag and washout in the arterial catheter. The washout correction rate constant was lOO/min. The brain blood partition coefficient was found to be 0.9 in our strain of rats. Vol, 14, No.6, 1994 Determination of the perfused and morphologically existing capillaries
The perfused and existing capillary networks were compared in identical brain sections according to the dou ble-staining procedure of Gobel et al. (1990) . Briefly, Evans blue (2% solution in saline, 0.2 mliiOO g body weight; Sigma Chemicals, St. Louis, MO, U.S.A,) was administered i.v, and allowed to circulate for 10 s. Then the animals were decapitated and the brains rapidly re moved and quickly frozen as just described. In six ani mals, the intravascular marker was injected immediately after occlusion of the MCA, whereas in another group of six animals the injection of the intravascular dye was per formed 1 h after occlusion. After the brains were frozen, they were cut in a cryomicrotome (Cambridge Instru ments, NuBioch, Germany); 6-lLm cryosections were ob tained from the whole forebrain. Sections were trans ferred to precooled ( -21 DC) glass slides, fixed in acetone at -21 DC for 30 s, and then kept in acetone at room temperature for 15 s to prevent condensation of water on the coverslip. The glass slides had previously been coated with protein-glycerin solution (Chroma, Kongen, Ger many) to enhance the adhering of the sections.
Next, the sections were observed under oil immersion in the fluorescent microscope and photographed in color (Kodak Ektachrome 400 ASA film) under the incident light specific for Evans blue using a 545-nm primary filter, a 580-nm dichroic interference mirror, and a 590-nm sec ondary filter. For each photograph of the four brain struc tures investigated, the x and y coordinates of the mechan ical stage were carefully documented to allow subsequent comparison of capillary perfusion with capillary morphol ogy. The fluorescent microscopic equipment consisted of a Zeiss Axioplan microscope (Zeiss, Oberkochen, Ger many); this microscope features two different fluorescent filter combinations for specific fluorescence excitation with Evans blue and with fluorescein isothiocyanate (FITC; 450-490-nm primary filter, 51O-nm dichroic inter ference mirror, 520-nm secondary filter), a high-pressure mercury lamp (HBO 50), a x25 objective (Plan Neofluar 0.8 Immersion), and x 10 eyepieces. To detect potential nonperfused brain areas, all brains taken for capillary per fusion experiments were screened for regions lacking the intravascular marker. To this end, during cutting of the brain, one of ten 6-lLm sections was processed for fluo rescent microscopy as already described. The whole brain section was screened for perfusion deficits; thereby, the whole forebrain was checked.
For the double staining of the four brain structures in vestigated, the coverslips were removed after photogra phy. The glass slides were transferred into a humid cham ber for 48 h to obtain a gentle rehydration and homoge neous distribution of the Evans blue throughout the section. After 2 days, the capillary morphology was made visible by indirect immunofluorescence according to the fibronectin antibody method described by Gobel et al. (1990) . Polyclonal anti-human fibronectin antibody solu tion, developed in rabbit (code A 245, Dakopatts, Glos trup, Denmark) and diluted I: 100 in phosphate-buffered saline (PBS) at pH 7.4, was used as primary antibody to stain the capillary morphology. FITC-conjugated antirab bit immunoglobulin antibody, developed in swine (code F 205, Dakopatts) was u!>ed as secondary antibody. Then the sections were observed by fluorescent microscopy using the filter combination for the detection of FITC.
The area for which photographs of the intravascular marker had previously been taken was relocated by means of the documented x and y coordinates of the me chanical stage. After exact relocation, a second color photograph was taken from the same brain area for doc umentation of existing capillaries. Capillary densities (capillary sections/mm2) were quantified from a projec tion of the color slides on a transparent glass screen by a slide projector. For each area investigated, the slide showing the perfused capillaries was projected on a trans parent paper lying on the screen. Each spot was labeled by a pencil. The drawing was kept on the screen when the second slide of the same area showing the existing capil laries was projected. Using this technique, the number of perfused and existing capillaries per area of brain section could be counted at the same location. The results are given as the percentage ratio between perfused and ex isting capillaries.
The four brain structures investigated were localized in the following way: In the iodoantipyrine autoradio grams, the forebrain regions that showed the most dis tinct decrease in local CBF were identified using the atlas of Paxinos and Watson (1982) . In the cut brain sections, these areas were recognized under the light microscope using x25 magnification. After switching to fluorescent microscopy and x250 magnification, at least four photo graphs were taken from each section; each section cov ered an area of at least 4 x 0.18 mm2• For each brain structure, 10 brain sections were analyzed in each rat.
Statistical evaluation
Values are given as means ± SD. Differences in local CBF between the nonischemic and ischemic hemispheres ( Fig. 1) were tested for each brain structure by Student t test, and the numbers of perfused and existing capillaries per area of brain section (Fig. 2) were compared for each brains structure by Student t test. The level of signifi cance was set at p < 0.05.
RESULTS
General parameters
Table I provides the mean values of the hemody namic and arterial acid-base parameters of all rats; there were no major differences between the groups investigated.
Local CBF
Figure I provides local CBF values obtained from the ischemic and nonischemic hemispheres of rat brains I h after MCA occlusion. The selection of the brain regions in Fig. 1 was based on the pronounced reductions of CBF during MCA occlusion observed in these structures. Local CBF was decreased by up to 75% versus the contralateral nonischemic hemi sphere.
Density of perfused capillaries
The strong decrease of CBF after MCA occlusion ( Fig. 1) 
DISCUSSION
The present study shows that acute occlusion of the MCA in the rat brain did not result in a wide spread lack of capillary perfusion in the ischemic areas despite a strong decrease in local CBF. Some small fields of nonperfused capillaries were seen in cortical regions, although most of the capillaries in these areas remained perfused. In one rat brain, more extensive failure of perfusion occurred in cor tical areas. Analysis of the completeness of capil lary perfusion in brains labeled with Evans blue im-
FIG. 2. Perfused capillaries in relation to
morphologically existing capillaries. For each animal, a mean value was obtained for the number of perfused capillaries and of ex isting capillaries per square millimeter in a brain structure. From the different mean val ues obtained in different animals for a brain structure, an average value was calculated. The average value of perfused capillaries was related to the average value of existing capillaries in each brain structure. The ratio given in each column relates the number of brains that showed visible perfusion deficits (first digit) to the total number of brains in vestigated (second digit); Values are means ± SO. D, immediately after MCA occlusion;
., 1 h after MCA occlusion.
mediately and 1 h after MCA occlusion showed that the numbers of perfused capillaries were not signif icantly lower than the numbers of morphologically existing capillaries in \;loth MCA occlusion groups.
MCA occlusion using the technique of Tamura et al. (1981a Tamura et al. ( , 1981b results in a substantial decrease of local CBF to values as low as 10-30% of control in the cortex of the rat brain, as summarized by Ginsberg and Busto (1989) . The present study, which found decreases in cortical CBF to 25% of control, agrees with these findings. and Anwar et al. (1989) claimed that 20-25% of all existing capillaries in the rat brain remained perfused in the ischemic regions Values are means ± SD; there were six rats in each group. 1 h after MeA occlusion compared with =50% dur ing normotensive control conditions. As has been discussed by Gobel et al. (1990) and Kuschinsky and Paulson (1992) , the method of fluorescent capillary perfusion in the studies of Weiss and his groups (Anwar and Weiss, 1989; Buchweitz and Weiss, 1988) 
(1992).
In the present study of capillary perfusion, 11 of 12 brains investigated showed only small patchy capillary perfusion deficits in different cortical structures. The remaining brain had more extensive failure of capillary staining in large cortical areas.
Varying volumes of infarction after occlusion of the MCA have been found in different animals (Coyle and 10kelainen, 1983; Ginsberg and Busto, 1989; Shiino et al. , 1989) . One of the causes of variations in infarct size can be the size of the vascular occlu sion (Ginsberg and Busto, 1989; Shiino et al. , 1989) .
In the present study, great care was taken always to occlude the MCA at the same location, i. e. , the medial margin of the olfactory tract. Therefore, the cause of the large perfusion failure in one rat is not evident. The perfusion failure was not large enough to result in a significant reduction in the number of perfused capillaries in the overall group of rats in vestigated immediately after MCA occlusion.
Our finding of maintained perfusion of most cap illaries in the infarcted area at a decreased blood flow raises the question of what blood flow veloci ties exist in the capillaries under these conditions. The present data are consistent with the hypothesis that the mean velocity of perfusion is decreased in the brain capillaries during MCA occlusion since all or nearly all capillaries were still supplied with blood, although at a reduced blood flow. A reduc tion in the velocity of brain capillary perfusion has been directly verified during incomplete forebrain ischemia in a previous study (Theilen et al. , 1993) .
Whereas normotensive control rats showed com plete staining of all brain capillaries within 5 s of i. v. injection of Evans blue, complete capillary filling was observed only after a circulation time of Evans blue of 10 s during incomplete forebrain ischemia.
J Cereb Blood Flow Metab, Vol, 14, No, 6, 1994 In congruence with the present study, the drastic decrease of CBF during incomplete forebrain isch emia was not accompanied by a reduced number of perfused capillaries. In contrast to the present study, however, patchy perfusion deficits observed during MCA occlusion were not found during fore brain ischemia after 10 s circulation of Evans blue.
This indicates that MCA occlusion may compro mise capillary perfusion to a larger extent than fore brain ischemia.
The present study shows that occlusion of the MCA induces a strong reduction in the CBF in the ischemic territory, while the density of perfused capillaries is not significantly reduced. This finding is consistent with gross maintenance of plasma per fusion in the capillaries of the ischemic brain al though the velocity of perfusion is reduced. 
